The regulation of the two isoforms of prostaglandin endoperoxide synthase (PGS-1 and PGS-2) and prostaglandin synthesis by luteinizing hormone (LH)/3-isobutyl-1-methylxanthine (IBMX) and progesterone was examined in granulosa cells and residual ovarian tissue of rat ovaries perfused in v'rtro. The endogenous progesterone synthesis was blocked by an inhibitor of 3p*-dehydroxysteroid-dehydrogenase, compound A (CA), previously shown to reversibly inhibit ovulation in the in v'rtro perfused rat ovary. Preovulatory ovaries were perfused for 7 h, and soluble extracts from granulosa cells and residual ovarian tissue were obtained for immunoblotting and determination of the tissue contents of PGS-1 /PGS-2. The tissue concentrations of prostaglandins (PGE 2 , PGF 2a and 6-keto-PGF 1a ) were measured. The ovaries were perfused with medium alone (control) or medium containing LH (0.1 ug/ml) and IBMX (0.2 mM), LH + IBMX + CA (10 ug/ml) or LH + IBMX + CA + progesterone (10 ug/ml). PGE 2 , PGF 2a and 6-keto-PGF 1a tissue concentrations were increased by LH + IBMX, with highest values detected for PGE 2 . The addition of CA alone or CA in combination with exogenous progesterone, did not change the values of prostaglandins increased by LH + IBMX. The content of PGS-1 was only marginally changed in both granulosa cells and residual ovarian tissue in the different treatment groups, compared to the control group. In contrast, PGS-2 was markedly increased by LH + IBMX, especially in the granulosa cells. The addition of CA, in combination with LH + IBMX, resulted in a small decrease of PGS-2, and progesterone further decreased its content. In the residual ovarian tissue, only minor changes of PGS-2 were detected. These results demonstrate that LH and progesterone selectively regulate the expression of PGS-2 in rat granulosa cells, whereas the hormonal regulation of PGS-1 is less pronounced. Progesterone inhibits PGS-2 in granulosa cells but has negligible effects on the total ovarian synthesis of prostaglandins during the ovulatory period.
Introduction
The ovulatory process, encompassing the time between the luteinizing hormone (LH) surge and follicular rupture, is a period of rapid tissue remodelling of the follicular structure into a corpus luteum. A cascade of biochemical elements triggered by LH are responsible for these events. Inflammatory mediators such as eicosanoids, histamine, bradykinin and cytokines have been implicated in this process (BrSnnstrOm and Janson, 1991) .
Prostaglandins are suggested to be key mediators in the ovulatory process since indomethacin blocks ovulation in many species, e.g. rat (Armstrong and Grinwich, 1972) , rabbit (Grinwich et al, 1972) and primates (Armstrong, 1981) . A prominent rise in intrafollicular prostaglandin concentrations after the LH surge has also been detected (Marsh et al., 1974) . The functional roles of prostaglandins in ovulation are not fully-defined yet, but may include increase of vascular permeability and activation of collagenase enzymes for digestion of the follicular wall (Reich et al, 1991) . Progesterone also participates in the ovulatory process. In the rat, both progesterone antiserum administered in vivo (Mori et al., 1977) and inhibitors of progesterone synthesis used in the in-vitro perfused rat ovary (Brannstrom and Janson, 1989) , decreased the ovulation rate. In the latter study, the ovulation rate was restored by the addition of exogenous progesterone. The ovulatory effects of progesterone seem to partly be a stimulation of kinin-forming enzymes and of plasminogen activator activity (Tanaka et al, 1992) . It has also been postulated that progesterone-mediated effects on prostaglandin synthesis might be effective, since direct effects of progesterone on the cyclooxygenase pathway, e.g. inhibition of the activity of the prostaglandin E2 (PGE2)-and prostaglandin F 2a (PGF 2a > dehydrogenase enzymes in placental tissue (Schlegel et al, 1974) , have been demonstrated. An increase in the accumulation of PGF 2a by progesterone was also demonstrated in the sheep ovary (Murdoch et al, 1986) .
Prostaglandin endoperoxide synthase (PGS), exists in at least two isoforms, PGS-1 and PGS-2. PGS-1, with a molecular weight of 69 kDa, is constitutively expressed in most tissues, where hormones only seem to have minor effects on its content (Wong and Richards, 1991) . In contrast, a tissue-, timeand hormone-specific regulation of PGS-2 (molecular weight 72 kDa) has been described in rat granulosa cells (Hedin el al., 1987; Sirois and Richards, 1992; Wong and Richards. 1992) , as well as in inflammatory cells (for references see Brannstrom and Janson. 1991) . The major stimulator of PGS-2 is cyclic adenosine 3'.5'-monophosphate (cAMP). since addition of LH/ human chononic gonadotrophin (HCG) or forskolin results in a rapid increase of the PGS-2 protein (Brannstrom el al.. 1989) and mRNA (Sirois and Richards, 1992) . However, other intracellular mediators, e.g. the protein kinase C system, are also involved since gonadotrophin releasing-honnone (GnRH) stimulated PGS-2 to a similar extent as LH in rat preovulatory follicles in vitro (Wong and Richards. 1992) .
The aim of the present study was to examine the role of progesterone on prostaglandin synthesis during the preovulatory period in the in-vitro perfused rat ovary. The approach was to characterize the effect of LH and progesterone on the expression of PGS-1 and PGS-2, respectively. Immunoblotting techniques were used to measure the contents of PGS-I and PGS-2 in granulosa cells and in the residual ovarian tissue. The ovarian content of prostanoids (PGE : , PGF 2ft , PGI) after stimulation by LH/IBMX prior to ovulation in vitro was also measured. To examine the role of progesterone for PGS-1/ PGS-2 and the synthesis of prostaglandins, steroidogenesis was blocked by an inhibitor of 3(i-hydroxysteroid dehydrogenase. The reversibility was tested by addition of exogenous progesterone.
Materials and methods

Hormones and chemicals
Ovine luteinizing hormone (NIH-LH-o24) was kindly provided by the NIADDK. Bethesda. MD. USA. Pregnant mare's serum gonadotrophin (PMSG). 3-isobutyl-l-methylxanthine (IBMX). progesterone and gentamicin sulphate were purchased from Sigma Chemical Co.. St. Louis, MO, USA; heparin from Lowen. Helsingborg. Sweden; fraction V bovine serum albumin (BSA); 3-[(3 cholaminido-propyll dimethylammomo]-l propane sulphonate (CHAPS) and aprotinm from Boehnnger-Mannheim. Mannheim, Germany, and insulin from Novo. Copenhagen. Denmark A specific inhibitor of 3f3-hydroxysteroid dehydrogenase. 17-(3'-hydroxypropyl)-l.3.5.6.8(9)-oestropentaene-3,17(i-diol (German patent DE OS 3242894; 'compound A') was kindly provided by Schenng AG, Berlin, Germany.
Animals and surgical procedure
Immature, female rats of the Sprague-Dawley strain (ALAB. Stockholm, Sweden) were kept under controlled light conditions (14 hours of light and 10 hours of darkness) and had free access to pelleted food and water. On the morning of day 28 of age. the rats were injected s.c. with 20 IU of PMSG to induce a synchronized growth of a first generation of preovulatory follicles The surgical procedure, performed in order to isolate the ovary with its vascular supply has been described in detail (Koos et al. 1984) . Briefly, a laparolomy was performed and the caudal abdominal parts of the aorta and the vena cava were cannulated in a retrograde direction All connecting vessels, except the right ovarian vein and artery, were ligated and severed. Finally, the aorta and the vena cava cranial and caudal to the preparation were ligated.
Perfusion procedure
The ovanan preparation was placed in a recirculating perfusion system (Koos et al.. 1984) and perfused for 7 h with 70 ml of 
Group no
Addition to Ihe perfusion medium al 0 h Hourly jt 1-6 h LH (0 I ug/ml) + IBMX (0 2 mM) LH + IBMX + CA (lOug/mlr' LH + IBMX + CA a + P 4 (10 ug/ml) P A (2 5 ug/ml ) h LH = luteini/ing hormone. IBMX = 3-isobi>iyl-l-melhykan(hine. CA = compound A. P 4 = progesterone.
•"Compound A was dissolved in ihe perfusion medium during ihe "preperfusion' time h Progcstcronc was added at 25% of the initial dose hourly up lo 6 h .is (his steroid adsorbs to the perfusion system medium MI99 with Earle's salts (Gibco. Paisley. UK) supplemented with heparin sulphate (0 2 IU/ml). insulin (0.02 lU/ml). gentamicin sulphate (50 Ug/ml) and 4% BSA. The temperature of the perfusion was maintained at 38°C and pH at 7 4. The perfusion medium was continuously gassed with 95% Oi and 5% COT At a perfusion pressure of 80 mm Hg. the average ovarian perfusion flow was 0.8 ml/min Samples from the perfusion media were withdrawn at the end of the perfusion period and were stored at -20°C for analyses of cAMP. The medium values of cAMP at 7 h for the different experimental groups were in the same range as the values obtained in a previous study where the number of ovulations were measured (Brannstrom et al. 1987a )
Experimental protocol
The experimental groups are summarized in Table I Trie ovaries were perfused for 1 h ('preperfusion') to allow metabolic stabilization of the tissue. In groups 3 and 4. the inhibitor of 3(i-hydroxysteroid dehydrogenase (compound A) was dissolved in the medium during this time. Group 1 served as control LH (0 I ug/ml) and IBMX (0 2 mM) were added after 1 h of preperfusion (time 0 h) in group 2. This combination has earlier been shown to induce more ovulations than LH alone (Brannstrom and Janson. 1989) As there is a marked adsorption to the perfusion system of progesterone with a 1 1/: > of 2.5 h (Brannstrom el al.. 1987a) . this steroid was added at one fourth of the initial dose hourly from 1-6 h in order to maintain the concentration (10 ug/ml) in the perfusion medium (Brannstrom and Janson. 1989) . Each experiment was repeated at least four times. The results from the immunoblotting are presented from one representative experiment
Measurements of prostaglandin endoperoxide synthases (PGS-1 and PGS-2)
The perfusions were terminated at 7 h and the ovaries were dissected free from adherent tissue and placed in a tissue culture dish containing 0.9% NaCl The 20 largest follicles from each ovary were punctured to separate the preovulatory gTanulosa cells from the residual ovanan tissue The homogenization procedure has been described in detail previously (Hedin et al.. I987. Brannstrom el al.. 1989) . Briefly, the granulosa cells and the residual ovanan tissue were homogenized separately in PE-buffer (10 mM potassium phosphate buffer. pH 6.8 and I 0 mM EDTA containing 10 mM CHAPS and aprotinin (500 IU/ ml). The homogenates were sonicated for 3 periods of 10 s with an interval of 30 s. Soluble extracts were obtained as supernatants after centrifugation at 12 000 g for 5 min. The samples were stored at -70°C until further analysis. All homogenization procedures were performed at +4°C. Protein contents were measured by the method of Lowry el al (1951) Samples were diluted in sodium dodecyl sulphate (SDS)-sample buffer, boiled, and then loaded on gels (4.5% stacking, 10% separating gels) as previously described in detail (Richards et al., 1984) . Soluble cell extracts, 40 |ig °f total protein per lane were run on a onedimensional SDS polyacrylamide gel electrophoresis (PAGE) and transferred to nitrocellulose membranes (Towbin etai, 1979) . Antisera against PGS-1 ( Sirois and Richards, 1992) and immunoglobulin G against PGS-2 ( Hedin et al., 1987) were used at a dilution of 1:20 and 1:50 respectively. Alkaline-phosphatase-AMPPD (Tropix® Inc., MA, USA) were used to localize the immunoreactive proteins. The filters were washed, and then exposed to film (Hyperfilm-ECL; Amersham International, Amersham, UK) at room temperature. The content (relative values) of PGS-1 and PGS-2 were estimated by densitometric scanning of immunoblots with a densitometer (Shimadzu CS-9000, Kyoto, Japan). Tissue from two ovaries were evaluated in each treatment group. The density of the LH + EBMX group was set to 100%.
Measurements of prostaglandins in ovarian tissue
Ovarian contents of prostaglandins were analysed in whole ovaries from a specific set of perfused ovaries using the same experimental protocol as shown in Table I . The ovaries were frozen on dry ice after 7 h of perfusion. Tissue concentrations of prostaglandins were determined after homogenization and extraction procedures earlier described in detail (Olofsson et at., 1990) . Briefly, whole ovaries were homogenized in a glass/glass homogenizer (Waltergraf Co., Wertheim, Germany) after the addition of 2 ml phosphate buffered saline (10 mM, acidified to pH 4.0 with 1.0 M HC1 to prevent denovo synthesis of prostaglandins). Protein content in the homogenate was determined by the method of Lowry et al. (1951) . The homogenate was loaded onto a C18-LRC solid phase extraction cartridge (BondElute; Analythichem, Harbour City, CA, USA) together with four 2 ml washings of the homogenizer. The cartridge was rinsed from proteins and neutral lipids by eluting with 5 ml of filtered water and 5 ml 10% acetonitrile. Prostaglandins were eluted with 5 ml methanol, collected in siliconized glass test tubes and dried under nitrogen. After evaporation the residue was redissolved in 1.0 ml Tris-HCl (10 mM, with 0.1% w/v gelatin added) and stored at -70°C until further analysis. The contents of PGE 2 , PGF 2a , and 6-keto-PGF, a (the stable metabolite of prostacyclin) were determined by radioimmunoassay (RIA) methods described earlier (Olofsson et al., 1990) . The antibodies were purchased from Advanced Magnetics Inc., Cambridge, MA, USA.
Statistical analysis
The tissue prostaglandin concentrations of different treatment groups were analysed using the Mann-Whitney {/-test; P < 0.05 was considered significant.
Results
Prostaglandin values in the whole ovary
The tissue values of PGE2, PGF 2a and 6-keto-PGF, a in ovaries obtained 7 h after start of treatment are demonstrated in Figure 1 . All three prostaglandins were increased by LH + IBMX. The predominant prostaglandin after stimulation was PGE2 which demonstrated an 8-fold increase compared to the control group. The total increase of PGF2a was similar to that of PGE2, whereas 6-keto-PGF, a demonstrated a 3-fold elevation. The addition of compound A (10 (ig/ml) only or compound A with added progesterone (10 |ig/ml) did not (PGF 2a ) and 6-keto-PGF| a in whole ovaries after 7 h of perfusion with either medium alone (control), luteinizing hormone (LH, 0.1 ug/ml) + 3-isobutyl-l-methylxanthine (I, 0.2 mM), LH + I + compound A (CA, 10 ng/ml), or LH + I + CA and progesterone (P 4 ) (10 Ug/ml). The values represent mean ± SEM, (n = 5).
change the values or the pattern of prostaglandins compared to the values induced by LH + IBMX.
Contents of prostaglandin endoperoxide synthase 1 and 2 in granulosa cells and residual ovarian tissue
PGS-1 and PGS-2 were measured by immunoblotting, using antisera and affinity purified polyclonal antibodies, respectively. The values of PGS-1 in granulosa cells of preovulatory follicles and of residual ovarian tissues at 7 h of perfusion are illustrated in Figure 2a , b. PGS-1 was present in both tissue compartments in the control group. The addition of LH + IBMX, compound A or progesterone resulted in insignificant changes of PGS-1 in residual ovarian tissues as well as in the granulosa cells.
In contrast, PGS-2 was markedly induced by LH + IBMX in granulosa cells (100%) compared to the control group (5 ± 2%). An increase was also observed in residual ovarian tissue (100 versus 24%, 5 ± 3.5%, Figure 3a, b) . In the granulosa cells, the addition of compound A resulted in a less pronounced increase of the response induced by LH + EBMX (87.9 ± 18.9%), and this response was further reduced by addition of progesterone (46.5 ± 18.5%). The values of PGS-2 in the residual ovarian tissue were low in all treatment groups and did not change after exposure to compound A and exogenous progesterone.
Discussion
This study demonstrates a differentiated regulation of the two isoforms of prostaglandin endoperoxide synthase, PGS-1 and PGS-2, by LH and progesterone prior to ovulation in vitro. These two forms of PGS demonstrated not only differences in hormonal regulation, but also in tissue localization. PGS-I was only marginally affected by LH + IBMX in granulosa cells and the residual ovarian tissue. In contrast. PGS-2 demonstrated a marked increase after LH + IBMX treatment in granulosa cells whereas the increase seen in residual ovarian tissue was less pronounced. The induction of PGS-2 by LH is mainly mediated by cAMP and the protein kinase-A system, since treatment with forskolin results in similar increases, both in granulosa cells (Brannstrom et cil., 1989) and intact preovulatory follicles (Wong et al., 1989; Wong and Richards. 1991) . However, other intracellular signalling systems seem to be involved in the regulation of PGS-2 as well. An increase of this isoform has been demonstrated in preovulatory follicles after stimulation by GnRH and epidermal growth factor (EGF), indicating a role also for protein kinase-C, Ca 2+ and tyrosine kinases (Wong and Richards. 1992 ).
In the present study, tissue values of PGE : . PGF 2a and 6-keto-PGF, a were measured in the whole ovary. The sampling time chosen. 7 h after LH + IBMX. was the same as for the detection of PGS-l and 2, assuming that maximal values of the enzyme also would reflect high values of the synthesized prostaglandins. Other studies have demonstrated maximal tissue values of prostaglandins 7-8 h after HCG stimulation in the rat ovary in vivo (Espey et al., 1989) as well as in medium from HCG/LH stimulated rat granulosa cells in vitro (Clark et al.. 1978) . Stimulation by LH + IBMX resulted in an 8-fold increase of both PGE : and PGF 2rt whereas the increase of 6-keto-PGFi rt was substantially lower. Previous studies in vivo and in the in-vitro perfused rat ovary have demonstrated unchanged tissue values of prostacyclin synthase following gonadotrophin treatment (Hedin et al.. 1987; . The results of the previous studies and our present findings might indicate a regulation distal to PGS; i.e. of the different prostanoids. In terms of absolute values, PGEi was the dominant prostaglandin, a finding in accordance with a previous study in rat preovulatory follicles (Bauminger et al., 1975) .
A previous study, using the same experimental conditions .114
Downloaded from https://academic.oup.com/molehr/article-abstract/2/2/111/1007036 by guest on 04 March 2019 (Brannstrom and Janson, 1989) , demonstrated a possible role for progesterone in the ovulatory process. The addition of compound A, a 3[}-hydroxysteroid dehydrogenase inhibitor, markedly reduced the number of ovulations induced by LH + EBMX. The ovulation rate was restored in a dose-dependent manner by exogenous progesterone, but not by testosterone. The importance of progesterone has also been examined in vivo. In rats, ovulation is inhibited by antiserum to progesterone (Mori et al, 1977) or by an inhibitor of 3 (J-hydroxysteroid dehydrogenase (Snyder et al, 1984) . Mifepristone (RU 486), a progesterone receptor antagonist, also blocks ovulation in vivo in HCG primed rats (Tsafriri et al, 1987) as well as in the in vitro perfused rat ovary (Br&nnstrom, 1994) . Other findings supporting a role for progesterone during the periovulatory period, are the increases of mRNA values for the progesterone receptor observed in porcine and rodent granulosa cells after LH stimulation in vivo (Iwai et al, 1991; Park and Mayo, 1991) . Blockage of progesterone synthesis in the present study by compound A only marginally affected the values of PGS-1 and PGS-2 as well as tissue contents of prostaglandins. The addition of exogenous progesterone did not change the tissue content of prostaglandins or PGS-1 compared to the values induced by LH + IBMX or LH + ffiMX + compound A. In contrast, the level of PGS-2 in granulosa cells was markedly reduced by exogenous progesterone. This finding illustrates a hormone specific, negative regulation of PGS-2, in contrast to the stimulatory effect by LH. A rapid increase of PGD-2 would be mediated by an LH-induced cAMP increase (Wong and Richards, 1991) and a later decrease of PGS-2 values via activation of the progesterone receptor either by the exogenous added progesterone or by the high pregnenolone values (Bramley and Menzies, 1994) in the group with a blockage of steroidogenesis at the level of 3 P-hydroxy steroid dehydrogenase.
The role of glucocorticoids as inhibitors of prostaglandin synthesis during inflammation has been explored in several tissues and species (Duval and Freyss-Beguin, 1992) . Since the glucocorticoid responsive element is identical to the progesterone responsive element in several genes (Beato, 1989) , the role of progesterone as an 'anti inflammatory' substance might involve the regulation of the ovulatory cascade, e.g. prostaglandin synthesis. Such a role for progesterone has been suggested by . However, the down regulation in the present study by progesterone was limited to PGS-2, whereas only marginal effects were observed for PGS-1. The specific inhibition of PGS-2 by glucocorticoids has been described for several cell types (Winn et al, 1993) .
The contribution to ovarian prostaglandin synthesis by the different isoforms of PGS is not fully clear. In the present study, the increase of ?GE^IPGF 2a was of the same magnitude as the increase of PGS-2 in granulosa cells. However, the decrease of PGS-2 after addition of progesterone did not result in any changes of total prostaglandin content. This suggests that PGS-2 in preovulatory granulosa cells only has a marginal effect on total ovarian prostaglandin synthesis and indicates the presence of several prostaglandin synthesis regulatory steps stimulated by LH, such as the stimulation of phospholipases to increase substrate availability (Flower and Blackwell, 1976) and a decrease in prostaglandin degradation (Schlegel et al, 1974) . A recent study (Bonney and Nilsson, 1993) demonstrates that the LH-surge stimulates phospholipase 2 activity in the rat ovary in vivo. Since granulosa cells also express progesterone receptors, this might constitute the molecular basis for the limitations of progesterone effects and thus the cell specific regulation of PGS-2. The finding that PGE 2 tissue concentrations closely followed PGF 2a concentrations during a period of increased progesterone output, implies that PGE2 has similar functions as PGF 2a , or alternatively PGE2 serves as a precursor to the synthesis of PGF 2a via PGF^-9-keto-reductase (Watson etal., 1979) .
The present study raised questions about the role for prostaglandins in the ovulatory process, when compared to ovulation data in a previous study (BrSnnstrOm and Janson, 1989) . When steroid synthesis was inhibited and the ovulation rate decreased, elevated values of prostaglandins were found. These results as well as a recent study suggest that elevated prostaglandins alone are not enough for follicular rupture per se.
